The electrostatic environment of aqueous systems is an essential ingredient for the function of any living system. To understand the electrostatic properties and their molecular foundation in soft, living, and three-dimensional systems, we developed a table-top model-free method to determine the surface potential of nano-and microscopic objects in aqueous solutions. Angle-resolved nonresonant second harmonic (SH) scattering measurements contain enough information to determine the surface potential unambiguously, without making assumptions on the structure of the interfacial region. The scattered SH light that is emitted from both the particle interface and the diffuse double layer can be detected in two different polarization states that have independent scattering patterns. The angular shape and intensity are determined by the surface potential and the second-order surface susceptibility. Calibrating the response with the SH intensity of bulk water, a single, unique surface potential value can be extracted. We demonstrate the method with 80 nm bare oil droplets in water and ∼50 nm dioleoylphosphatidylcholine (DOPC) and dioleoylphosphatidylserine (DOPS) liposomes at various ionic strengths.
I. INTRODUCTION
The electrostatic potential of interfaces drives diverse processes such as self-assembly [1, 2] , transport [3, 4] , chemical reactions [5, 6] , electrochemical processes [7, 8] , and many other phenomena in biology and chemistry. The stability of nanoparticles, nanoemulsions, micelles [9, 10] , and their electrochemical reactivity is influenced by the surface potential. Membrane/liposome fusion is governed by surface potentials as well. What all of these systems and processes have in common is that they are composed of nano-or micron-sized structures in aqueous solution. It is the aim of this work to provide a label-free and interface model-free, optical method to determine the surface potential of such particles in aqueous solution.
The electrostatic surface potential, 0 , of an object in solution with a radius R is 0 = − ∫ R ∞ E dc (r)dr, where r indicates the distance away from the interface and E dc is the total electrostatic field that emerges from all possible sources of charges in solution [11] . Obtaining a (surface) potential from a planar macroscopic electrode is generally a complex task as it typically involves measuring an electric current and/or charge distribution that needs to be attributed to a variety of different sources [12] . For a solution of small particles, such measurements are not possible, and the situation is even more complex. Traditionally, for particle dispersions, one employs electrokinetic mobility measurements [13, 14] that result in a ζ potential. This quantity is commonly interpreted as the electrostatic potential at the slipping plane of the diffuse double layer (DDL). The position of this hypothetical plane varies with electrolyte concentration and is typically thought of as being positioned up to a few nanometers away from the actual interfacial plane [13] [14] [15] . To estimate a value for the surface potential 0 from the ζ potential, the interfacial structure is represented by a simplified mean field model, such as the (planar) Gouy-Chapman (GC) or the constant capacitor (CC) model [15] . In the GC model, which relates 0 to the surface charge density (σ 0 ), with the electrolyte concentration as variable parameter, the interface is represented by a uniformly charged surface that is embedded in a continuous dielectric medium. Ions are represented as point charges that screen the electrostatic field from the interface. Hydration, changes in the water structure, and specific surface chemistry are neglected.
Spectroscopic measurements offer a way to access the surface potential more directly. X-ray photoelectron spectroscopy measurements were recently proposed as a way to determine the surface potential of silica nanoparticles in highly concentrated solutions [16] , but it is yet unclear how applicable the method is in general, as all measurements to date have been performed at synchrotron facilities that have a superior brilliance over table-top sources. Nonresonant second harmonic scattering (SHS) is an optical process used to probe the net orientational order of water molecules along the surface normal (see Ref. [17] and references therein). It is thus sensitive to the orientational directionality of water molecules in the interfacial region defined as the region from the surface plane to the position where the electrostatic field has decayed to zero [18] . Angle-resolved (AR) nonresonant SHS (AR-SHS) [19] is applicable to a wide variety of hard [20] [21] [22] [23] [24] and soft particles systems [25] [26] [27] and can be used in very dilute solutions and small sample volumes. In absence of chemical effects, the measured intensity depends quadratically on the surface potential [28] . In practice, one who aims to extract the surface potential from a nonresonant SHS experiment applies the following 'Eisenthal-χ (3) method' [29] : The SH intensity scattered by particles in solutions is measured at a fixed scattering angle as a function of the ionic strength (c) of the solution in any (unspecified) polarization combination. This now widely applied procedure [20, 23, 27, 29, 30] is very similar to the method applied to planar interfaces [31] [32] [33] [34] [35] [36] using the same expressions. However, by relying on a single equation to extract three parameters from an arbitrarily normalized data set, a unique solution for 0 cannot be obtained. In addition, the use of the GC or another interface model involuntary restricts the surface structure to a highly idealized composition, as described above, and throws all molecular level information away, even though they are present in the data [18, 37] .
In this work, we show that it is possible to obtain a unique solution for the surface potential of nanoscopic and microscopic particles in aqueous solution, without the need to invoke a model for the structure of the interfacial region. In our table-top method, we utilize the entire angular scattering pattern in multiple polarization combinations and describe it with nonlinear light scattering theory. In fact, AR-SHS measurements can be described by exact analytical expressions and the parameters are expressed in absolute units. To do this, it is necessary to calibrate the measured intensity against the nonresonant SH response of water. The surface potential and one nonvanishing surface susceptibility tensor element that describes orientational order of water at the surface are the only two independent parameters. The fit of the experimental data collected in two different polarization combinations results in two unique values because two independent equations with two independent parameters are used. The method is applied to three different systems in aqueous solution: nanoscopic oil droplets, zwitterionic and negatively charged single component liposomes composed of either dioleoylphosphatidylcholine (DOPC) or dioleoylphosphatidylserine (DOPS) as a function of the solution's ionic strength. We first describe the SHS experiment and expressions followed by the implementation and application to the three different systems.
II. RESULTS AND DISCUSSION

A. The AR-SHS
In an AR-SHS experiment, a laser beam interacts with an aqueous solution that contains small droplets, particles, or liposomes [ Fig. 1(a) ; see Methods in the Supplemental Material [38] and Ref. [39] for details]. The SHS photons with half the wavelength of the fundamental beam are created in locations where the liquid molecules in the dispersion are not isotropically distributed. These noncentrosymmetric regions are located at the interfacial region of the particle, which consists of the electrical double layer region (i.e., the interface and the DDL around it). The interface may perturb the overall isotropic distribution of water molecules. This gives rise to scattered SH photons [1 in Fig. 1(b) ]. The magnitude of the response is determined by computing the orientational average of the second-order hyperpolarizability tensor (β (2) ) elements of water. This procedure results in values for the surface second-order susceptibility, χ (2) s , tensor elements of the interfacial water [40, 41] . In addition, an electrostatic field that originates from a surface charge distribution may generate a small amount of nonisotropically oriented water molecules that can also act as sources of SH photons [on the surface and in the double layer, 2, 3 in Fig. 1(b) ]. Furthermore, isotropically oriented water molecules possess a third-order molecular hyperpolarizability tensor (β (3) ) [42] that can also couple with the incoming optical fields and the electrostatic field to give rise to additional emitted SH photons [4 in Fig. 1(b) ]. This last contribution is, however, expected to be responsible for less than 1% of the emitted intensity [43] . These four contributions all depend linearly on the electrostatic field and contribute to an effective third-order susceptibility tensor, χ (3) [28] . The orientationally correlated, nonisotropic water molecules together emit a SH scattering pattern that appears as though it originates from various dilute hydration shells of very weakly oriented water molecules that surround the droplet or liposome [18, 44, 45] [ Fig. 1(c) ]. The interfacial region that contributes to the SH intensity consists of the interface and the entire DDL, that is, up to the distance that the surface potential has decayed to zero. To illustrate this distance and its dependence on the ionic strength and particle radius R, we plot in Fig. 1(d) an exponentially decaying electrostatic potential emanating from a charged spherical nanoparticle with R = 50 nm (using (r) = 0 R r e −κ(r−R) [12] ). Here, κ is the inverse of the Debye length, κ
, with ε 0 ,ε r ,k B, T , e,z,N A ,c being the vacuum and relative permittivity, Boltzmann constant, temperature, elementary charge, valency, Avogadro's number, and ionic strength (in mol/L), respectively. The thickness of the weakly oriented hydration layer can be significant and depends on the ionic strength of the solution. This explains the reason that the emitted SH pattern is very sensitive to the structure of the interfacial water, the thickness of the DDL, and the surface potential. These three parameters are represented by the second-order surface susceptibility (χ (2) s ) (at r = 0, i.e., at surface of the droplet/liposome), the Debye length (κ −1 ), and the surface potential ( 0 ), respectively.
As worked out in detail [18, 28] , the emitted SH intensity I (2ω) that depends on these three parameters appears in two independent polarization combinations of the incoming and emitted light, namely in the PPP and PSS polarization combinations [defined in Fig. 1(a) , where the first letter refers to the polarization state of the SH beam while the second and third letter refer to that of the fundamental beam]. The polarization-and angle-dependent intensity at a frequency of 2ω is
where n(2ω), ε 0 , and μ 0 are the refractive index of the material, permittivity, and permeability of vacuum, respectively, and i is a placeholder for the polarization state of the incoming beams, which can either be S or P. Using the assumptions detailed in the Supplemental Material [38] , we are left with two independent equations for the emitted SH electric field amplitude (one for PPP and one for PSS ≡ SPS ≡ SSP) in two independent unknowns: χ (2) s,2 and 0 . We obtain then a unique solution that allows for the determination of the surface potential 0 without making any assumptions about the structure of the DDL or interface in terms of the structure, density, or distribution of charges such as one commonly finds in models describing the electric double layer [13, 14] .
B. The AR-SHS theory
The amplitude of the two independent scattered SH field components of E(2ω), E PPP (2ω), and E PSS (2ω) are
The product |r||Î | is a unit vector product of a distance and current and is needed to preserve the SI units. In the equation, c is the speed of light, θ is the scattering angle [illustrated in Fig. 1(a) ], and
1 ,
2 and (3) 2 are nonzero elements of the effective particle second-and third-order susceptibility [18, 37, 46] . These quantities capture the combined symmetry of the scatterers and the incoming electromagnetic fields, the interfacial structure and the electrostatic field in the aqueous phase [46] . The total effective particle susceptibility is a function of the surface second-order susceptibility (χ (2) s ) and the effective third-order susceptibility (χ (3) ) elements [which have the three sources illustrated in Fig. 1(b) ], the radius of the particle (R), and the magnitude of the scattering wave vector
The four independent elements of the effective particle susceptibility for spheres are
where χ
s,1 and χ
are second-and third-order susceptibilities that are corrected for changes in the refractive index following Ref. [47] . The expressions are given in Table  SI of the Supplemental Material [38] . F 1,2,3 are analytical goniometric scattering form factors that depend on R, q, and in the case of F 3 , also on κ. All these parameters are known. Thus, the quantities in Eq. (3) can be calculated. The analytical expressions for the nonzero tensor elements of the surface susceptibility (χ (2) s,1 , χ (2) s,2 ), the DDL (χ (3) 2 ), the form factor functions (F 1,2,3 ), and the scattering vector (q) are given in Table SII in the Supplemental Material [38] .
C. Implementation
In order to obtain reliable and reproducible SHS values independent of the used setup and alignment, we normalize the AR-SHS intensity as follows:
We subtract the incoherent SH intensity scattered from the solution without droplets/liposomes, I S,Pii (θ ) (hyper-Rayleigh scattering), from that of the sample, I Pii (θ ), measured in the same polarization combination. The result is divided by the hyper-Rayleigh scattering intensity of bulk water in the SSS polarization combination, I W,SSS (θ ). The i indicates the polarization direction, S or P, of the incoming beams. This normalization also provides an absolute scale to compare different systems.
Since we are working in the dilute regime, multiple scattering events can safely be disregarded. The intensity from the particles in the focal volume will be given by the intensity scattered by a single particle multiplied for the number of particles in this volume. The AR-SHS data in the two independent polarization combinations, normalized by the bulk water signal, can then be expressed using the result from Ref. [18] as a starting point as follows:
whereμ =β 
D. Oil droplets and DOPC liposomes in aqueous solutions
Figures 2(a) and 2(b) show SHS scattering patterns obtained for a solution of hexadecane droplets (R = 80 nm) in a weakly basic solution. This system is chosen (and is different from surfactant stabilized droplets studied in Refs. [18, 45, 48] ) as the magnitude and origin of the surface charges on neutral droplets or air bubbles continues to be a matter of debate [49] . Having a reliable value of the surface potential will remove uncertainty as to what the magnitude and sign of the surface potential is, which is still not understood [50] . The error bars represent the standard deviation from 20 measurements. The scattering patterns are different for the PPP and PSS polarization combinations. The black lines are fits to Eqs. (5); the experimental parameters are given in Table SI in the Supplemental Material [38] . As discussed in a previous paper [18] , AR-SHS patterns of droplets at very low ionic strength present a very peculiar shape induced by the F 3 (qR,κR) factor. Thanks to the normalization by the bulk water signal described by Eq. (4) and the use of Eq. (5), it is now possible to fit the data (black lines) and independently determine χ (2) s,2 = −(1.41 ± 0.20) × 10 −22 m 2 /V and 0 = −(38 ± 15) mV for the droplet system. The given error in the potential takes into account the variations from the experimentally determined parameters (the radius, the number density, and χ (2) s,2 ). The corresponding value of the ζ potential is ζ = −(32 ± 9) mV, which is similar in magnitude. Here, the error represents the standard deviation of the measured distribution.
DOPC is a zwitterionic phospholipid. DOPC liposomes are therefore expected to have a negligible surface potential. The data in Figs (2) s,2 is a measure of the orientation of the water molecules at the interface. Our observation thus supports the idea that an electrostatic field, such as that present in the Stern layer, is not strong enough to affect the shape of the orientational distribution function of water molecules [51] . These values are also in good agreement with the nonresonant value of χ (2) s,2,eff = −(1.30 ± 0.40) × 10 −22 m 2 /V obtained from sum-frequency generation experiments [52] , performed on the air/liquid interface. They are also within the range of χ (2) s,2 values of −0.04 × 10 −22 m 2 /V and −2.26 × 10 −22 m 2 /V found from numerical simulations [53, 54] .
F. The DOPS liposomes in aqueous solutions vs ionic strength
The DOPS liposomes were prepared in solutions with different amounts of NaCl. Figures 3(a) and 3(b) show SHS patterns obtained in PPP and PSS polarization combinations with varying ionic strength. The SHS intensity decreases when the ionic strength is increased, and further addition of salt up to 100 mM (not shown) does not induce further changes in the AR-SHS patterns. The decrease is expected as the surface charges are effectively reduced and the size of the DDL is decreased [ Fig. 1(d) ]. This, in turn, reduces not only the extent of the somewhat ordered water molecules contributing to the scattered SH light but also the effective radius of the probed soft shell [ Fig. 1(c) ], which further diminishes the scattered SH intensity. The data was fit with a single value of χ (2) s,2 = − (1.40 ± 0.20) × 10 −22 m 2 /V, since the values of the electrostatic potential in this range are insufficient to alter the orientational distribution of water [18, 51] . From the global fit, using the experimental parameters of Table SIII in the Supplemental Material [38] , the values obtained for 0 range from −149 ± 30 mV for 0.15 mM ionic strength down to −23 ± 30 mV at 10 mM and are plotted in Fig. 3(c) . The predicted trend is in agreement with expectations: The surface potential is found to decrease with the ionic strength. The ζ potential varies between −52 mV < ζ < −34 mV for all solutions, in agreement with earlier measurements [55] [56] [57] . The fact that overall |ζ | < | 0 | is reasonable since ζ is measured at the slipping plane, which is located at some distance away from the interface, and it does not represent the surface potential [13] .
G. Comparison between the extracted values and GC or CC solutions
Finally, we examine how our 0 values for DOPS compare to the spherical GC or spherical CC models [58] . To do this we compute solutions for the surface potential as a function of ionic strength for a given surface charge density, which relates to the degree of ionization of the lipids in the outer leaflet [11] . The dashed blue lines in Fig. 3(c) correspond to solutions to the spherical GC model (Eq. 7.11.11 in Ref. [12] ), with a surface charge density that corresponds to 80%, 20%, 10%, 8%, 5%, and 3% ionization of PS head groups in the outer leaflets of (2) s,2 , the number density, and the radius. The dashed blue lines represent surface potential values calculated with the GC model for spherical particles [61] using different surface charge densities σ 0 (indicated as degree of ionization of the DOPS head groups in the outer leaflet). The solid black line represents a fit using the spherical CC model. the membrane of DOPS liposomes, assuming a head group area of 0.653 nm 2 [59] . It can be seen that a single GC curve cannot fully capture all the data. Within the assumption that the interfacial water can be treated as a bulk dielectric and that ions are point charges without hydration shells, this suggests that the charge density of the interface may change with ionic strength. Hence the phospholipid dissociation decreases with increasing ionic strength. The solid black line represents a solution to the spherical CC model, assuming a lipid head group ionization of ∼2% (σ 0 = (−5 ± 0.6) × 10 −3 C/m 2 ) (Eq. 50 in Ref. [58] ). Within this model, a constant degree of lipid ionization describes the observed trend with a similar accuracy as the GC model except for the DOPS liposomes in pure water. Although we have no information about the validity of the assumptions in both models, a comparison to the data suggests that the degree of ionization of the liposomes is below 20% of all available charges in the outer leaflet of the membrane. Interestingly, Riske et al. determined the ionization of dimyristoylphosphatidylglycerol (DMPG) liposomes in pure water based on linear light scattering techniques and a modified GC model considering the association constants of ions [60] . They found an ionization of 12%, which is comparable to what we report.
III. CONCLUSIONS
In the present paper, we demonstrate that by employing nonresonant AR-SHS measurements that are calibrated by the incoherent response of bulk water, unique values for the surface potential of nanoscopic objects in aqueous solutions can be obtained. The method has been successfully applied to aqueous dispersions of nanoscopic oil droplets ( 0 = −38 mV), DOPC ( 0 = −11 mV), and DOPS liposomes at different ionic strengths (−148 mV < 0 < −23 mV) and enables the analysis of potentials in charge neutral and low ionic strength dispersions. Since the values are derived from analytical expressions, without assuming a certain simplified model for the distribution of ions in the electrical double layer, the hydration structure of ions, and the orientation of water molecules, they are extremely useful for theoretical work. In addition, as this experimental table-top method is noninvasive and applicable to aqueous solutions with particles that have sizes up to several microns [62] , it will be of great value to characterize and understand the electrostatic properties and molecular structure of many biologically and chemically relevant interfaces.
